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ABSTRACT: The introduction of lanthanide ions (Ln3+) into all-
inorganic lead-free halide perovskites has captured significant attention in
optoelectronic applications. However, doping Ln3+ ions into hetero-
metallic halide layered double perovskite (LDP) nanocrystals (NCs) and
their associated doping mechanisms remain unexplored. Herein, we
report the first colloidal synthesis of Ln3+ (Yb3+, Er3+)-doped LDP NCs
utilizing a modified hot-injection method. The resulting NCs exhibit
efficient near-infrared (NIR) photoluminescence in both NIR-I and NIR-
II regions, achieved through energy transfer down-conversion mecha-
nisms. Density functional theory calculations reveal that Ln3+ dopants
preferentially occupy the Sb3+ cation positions, resulting in a disruption of
local site symmetry of the LDP lattices. By leveraging sensitizations of
intermediate energy levels, we delved into a series of Ln3+-doped Cs4M(II)Sb2Cl12 (M(II): Cd2+ or Mn2+) LDP NCs via co-doping
strategies. Remarkably, we observe a brightening effect of the predark states of Er3+ dopant in the Er3+-doped Cs4M(II)Sb2Cl12 LDP
NCs owing to the Mn component acting as an intermediate energy bridge. This study not only advances our understanding of
energy transfer mechanisms in doped NCs but also propels all-inorganic LDP NCs for a wider range of optoelectronic applications.

■ INTRODUCTION
All-inorganic lead halide perovskite (APbX3, A: Cs+, Rb+; X:
Cl−, Br−, I−) nanocrystals (NCs) have garnered an
unprecedented amount of attention in recent years due to
their superior optoelectronic properties, holding immense
potential for various applications.1−5 Nevertheless, the toxicity
of lead element inclusion and their potential impacts on
environmental pollution have hindered their widespread
adoption for technology commercialization.6 To address this
concern, researchers have developed an extensive library of
lead-free perovskite derivatives through composition substitu-
tion and tuning and crystal dimensionality engineering.7−9 For
instance, substituting the Pb2+ component by either mono-
valent or trivalent cations of one type (e.g., M(I): Cu+, Ag+, or
M(III): Bi3+, Sb3+, In3+) results in low-dimensional perovskite
derivatives, such as AM(I)2X3, A2M(I)X3, A3M(I)2X5, A3M-
(III)X6, or A3M(III)2X9.

10−15 Additionally, replacing every two
Pb2+ cations with a pair of monovalent and trivalent cations
leads to the formation of A2M(I)M(III)X6 (M(I): Na+, Ag+,
K+, In+; M(III): Bi3+, Sb3+, In3+, Au3+, lanthanide ions, Ln3+)
double perovskites while retaining their three-dimensional
(3D) crystal structures.16−23 Combining both the lead-
substitution and dimensionality engineering strategies, a new
class of all-inorganic heterometallic halide layered double
perovskites (LDPs) with a chemical formula of A4M(II)M-

(III)2X12 (M(II): Cu2+, Cd2+, Mn2+, Sn2+, and Zn2+; M(III):
Bi3+, Sb3+, In3+) has been recently discovered.9,24−31 The LDP
structure exhibits a 2D layered crystalline structure with a
unique sandwiched heterometallic halide octahedra arrange-
ment (i.e., M(III)X6-M(II)X6-M(III)X6, Figures 1A and S1).
The simultaneous incorporation of divalent and trivalent
cations, and thereby the expansion of the compositional space
of LDPs, provides ample opportunities for discovering new
LDP materials with customizable control over their proper-
ties.32−34

Concurrently, doping impurity ions into perovskite NCs has
proven to be an effective means for tailoring crystal structures
and fine-tuning optical, magnetic, thermal, and optoelectronic
properties.35 In particular, the introduction of rare earth Ln3+

impurities into lead-free perovskite NCs offers several unique
advantages. These include the ability to adjust multimodal
photoluminescence (PL) profiles across both visible and near-
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infrared (NIR) spectral ranges due to the presence of rich
energy levels,36−38 enhanced light conversion efficiency with
potential quantum cutting effects,39,40 and induction of a
robust magnetic moment with both orbital and spin
contributions originating from unpaired f-electrons.41,42 Never-
theless, Ln3+ ions typically display a low absorption extinction
coefficient due to their parity-forbidden f−f transitions.40−42 In
addition, the facile coupling between lattice vibrations and NIR
transitions of neighboring Ln dopants can lead to reduced PL
quantum yield (QY) through self-quenching.43−45 To date,
successful doping of Ln3+ into lead-free perovskite NC systems
has been very limited. Reported examples include the
incorporation of Ln3+ ions (such as Yb3+, Er3+, and Tb3+)
within Cs2M(I)M(III)Cl6 (M(I): Na+, Ag+; M(III): Bi3+, In3+)
double perovskite NCs, resulting in enhanced optical proper-
ties in the NIR range.46,47 Co-doping Ln3+ (e.g., Tb3+, Er3+,
Sm3+, Nd3+) with main group trivalent metal cations (e.g., Bi3+,
Sb3+) in Cs2AgInCl6 double perovskite NCs has also been
demonstrated.48−51 Compared to double perovskites, LDPs
possess a unique 2D layered “sandwiched” crystal structure
that remains largely unexplored with regard to the Ln3+ doping
positions and energy transfer mechanisms.9 Despite few trials
of doping Ln3+ ions into bulk-scale LDPs,52−54 the
incorporation of Ln3+ dopants in nanoscale LDP materials,
enabling multimodal visible/NIR emissions, has yet to be
presented. Therefore, there is a significant knowledge gap in
our understanding of how Ln3+ doping affects electronic and
crystal structures and the intricate energy transfer mechanisms
within Ln3+-doped LDP NCs.

In this study, we report the first colloidal synthesis of Ln3+

(Yb3+, Er3+, or both)-doped heterometallic halide LDP NCs
using a hot-injection approach. The introduction of Ln3+

dopants gave rise to distinctive NIR emission bands, which

were attributed to the characteristic f−f transitions exhibited
by Ln3+ ions within the LDP lattices. The influences of Ln3+

doping on the crystal lattices, optical properties, and electronic
band structures were systematically investigated through a
combination of experimental studies and density functional
theory (DFT) calculations. Moreover, the mechanisms
governing energy transfer between the NC host and Ln3+

dopants, as well as between different types of Ln3+ ion centers
through intermediate energy sensitization, were examined
across a series of delicately designed Ln3+-doped Cs4CdSb2Cl12
or Cs4MnSb2Cl12 LDP NCs. Our comprehensive investigations
not only provide fundamental insights into the impact of Ln3+

doping on the crystal and electronic structures of hetero-
metallic halide LDP NCs but also pave the way for novel
applications across diverse fields including optical data
encryption, low-loss optical telecommunication, multiplexed
NIR detection, and imaging.

■ RESULTS AND DISCUSSION
Colloidal syntheses of undoped and Ln3+ (Yb3+ or Er3+)-doped
Cs4CdSb2Cl12 LDP NCs (Figure 1A) were conducted
following a modified hot-injection method (see synthetic
details in the SI).55,56 Briefly, metal precursors, including
cesium acetate, cadmium acetate, antimony acetate, and either
ytterbium acetate or erbium acetate, were added into a mixture
of oleic acid, oleylamine, and 1-octadecene, which served as
the organic capping ligand and the solvent. After complete
dissolution of all metal salts, the solution was heated to 180 °C,
and chlorotrimethylsilane (TMS-Cl) was rapidly injected to
initiate the LDP NC nucleation. Five seconds after the
injection, the reaction was quenched by cooling in an ice bath,
followed by purification to remove excess ligands.

Figure 1. Characterization of undoped and Ln3+ (Yb3+ or Er3+)-doped Cs4CdSb2Cl12 LDP NCs. (A) Schematic of undoped and Ln3+-doped
Cs4CdSb2Cl12 LDP crystal structures. The left panel shows the 2D layered “sandwiched” structures of LDPs from the [010] viewing direction. The
middle panel includes the LDP structures from the [001] viewing direction and the primitive cell of LDPs. The right panel exhibits the Ln3+ (Yb3+

or Er3+) doping process in a representative LDP unit cell. (B) XRD pattern of undoped and Yb3+- or Er3+-doped Cs4CdSb2Cl12 LDP NCs. Black
bars represent the standard XRD peaks of bulk Cs4CdSb2Cl12 LDPs (ICSD: 14995).57 The Ln3+ (Yb3+ or Er3+) doping concentration is 15%. (C)
UV−vis absorption, PL, and PLE spectra of undoped and Yb3+- or Er3+-doped Cs4CdSb2Cl12 LDP NCs. (D) PL lifetime decay curves of Yb3+- or
Er3+-doped Cs4CdSb2Cl12 LDP NCs monitoring the NIR PL at 983 and 1541 nm, respectively. (E−G) TEM images of (E) undoped and (F) Yb3+-
or (G) Er3+-doped Cs4CdSb2Cl12 LDP NCs. The insets are size histograms. (H−J) HR-TEM images of undoped (H), and Yb3+ (I) or Er3+ (J)
doped Cs4CdSb2Cl12 LDP NCs. The right panels are the corresponding fast Fourier transform (FFT) patterns (top) and computer-simulated
electron diffraction patterns (bottom).
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X-ray diffraction (XRD) patterns confirmed that both
undoped and Ln3+-doped Cs4CdSb2Cl12 LDP NCs exhibited
a trigonal phase with a vacancy-ordered layered structure
(space group: R3̅m, Figure 1A), matching well with the
standard bulk Cs4CdSb2Cl12 LDPs (Figure 1B).57 The
observed peak shifts toward smaller angles in the Ln3+-doped
samples indicated lattice expansion due to the incorporation of
Ln3+ dopants with larger ionic sizes (Yb3+: 101 pm and Er3+:
103 pm, vs Sb3+: 90 pm).58 The lattice constants for the
undoped and Yb3+ (Er3+)-doped LDP NCs were determined to
be a = 7.59 Å (undoped), 7.61 Å (Yb3+-doped), 7.62 Å (Er3+-
doped) and c = 36.96 Å (undoped), 37.00 Å (Yb3+-doped),
37.07 Å (Er3+-doped) (Tables S1−S3). The absorption spectra
of both undoped and Ln3+-doped Cs4CdSb2Cl12 LDP NCs
exhibit a similar absorption onset around 390 nm (Figure 1C),
implying minimal changes in the electronic structures and
bandgap of the host LDP NCs upon doping. The bandgap
values of 3.196, 3.173, and 3.167 eV were determined using
Tauc plots based on the direct allowed transition mechanism
for Cs4CdSb2Cl12 LDP NCs and Yb3+-doped and Er3+-doped
Cs4CdSb2Cl12 LDP NCs, respectively (Figure S2). These
bandgap energies are consistent with the values reported in
previous experimental works as well as DFT calculations.55,57

No PL signal was observed for the undoped Cs4CdSb2Cl12
LDP NCs at room temperature (Figure 1C), likely due to fast
carrier trapping phenomena and the presence of surface trap
states on the NCs.59,60 In contrast, upon doping, a new NIR
PL peak at 983 nm (1541 nm) emerged for the Yb3+ (Er3+)-
doped LDP NCs (Figure 1C). These newly emerged NIR
emission peaks correspond to the 2F5/2−2F7/2 and 4I13/2−4I15/2

electronic transitions within the [YbCl6]3− and [ErCl6]3−

octahedral units, respectively.61 PL excitation (PLE) spectra,
monitored at the NIR PL peaks, matched well with the
corresponding absorption profiles (Figure 1C), signifying an
energy transfer process from the host Cs4CdSb2Cl12 LDP NCs
to the Ln3+ (i.e., Yb3+ or Er3+) dopants. Time-resolved PL
(TR-PL) spectroscopic measurements revealed an average PL
decay lifetime (LT) of 1.15 ms for Yb-PL and 2.55 ms for Er-
PL in the Ln3+-doped LDP NCs (Figure 1D, Tables S4 and
S5). Negligible changes were observed for the absorption
spectra and XRD patterns of the Yb3+- and Er3+-doped
Cs4CdSb2Cl12 LDP NCs upon storage under ambient
conditions (Figures S3 and S4). Additionally, the LDP crystal
structure for Yb3+- and Er3+-doped Cs4CdSb2Cl12 LDP NCs
was maintained up to 150 °C (Figure S5), indicating their
superior stability under both ambient and thermal conditions.
Transmission electron microscopy (TEM) images showed
spherical-like shapes with an average diameter of 21.2 ± 3.6,
21.9 ± 3.2, and 22.2 ± 2.9 nm for undoped, Yb3+-doped, and
Er3+-doped Cs4CdSb2Cl12 LDP NCs, respectively (Figure 1E−
G). High-resolution TEM (HR-TEM) images displayed clear
lattice fringes with a measured lattice d-spacing of 3.8 Å,
corresponding to the (110) lattice planes viewed from the LDP
[001] zone axis (Figure 1H−J). The corresponding fast
Fourier transform (FFT) images matched the simulated
electron diffraction patterns, further confirming the structure
assignment of the trigonal LDP crystal phase (Figure 1H−J,
Figure S1).

To investigate the Ln3+ doping effects on the optical
properties and crystal structures of Cs4CdSb2Cl12 LDP NCs,

Figure 2. Effects of varied Ln3+ (Yb3+ or Er3+) doping concentrations on the optical properties and crystal structures of Cs4CdSb2Cl12 LDP NCs.
(A) Absorption, PLE, and PL spectra of Yb3+-doped Cs4CdSb2Cl12 LDP NCs with different Yb3+ doping concentrations. (B, C) The evolution of
bandgap (BG) (B) and Yb-PL intensity (C) of Yb3+-doped Cs4CdSb2Cl12 LDP NCs with different doping concentrations. (D) Absorption, PLE,
and PL spectra of Er3+-doped Cs4CdSb2Cl12 LDP NCs with different Er3+ doping concentrations. (E, F) The evolution of bandgap (E) and Er-PL
intensity (F) of Er3+-doped Cs4CdSb2Cl12 LDP NCs with different doping concentrations. (G) XRD patterns and (H) zoomed-in XRD patterns of
Yb3+-doped Cs4CdSb2Cl12 LDP NCs with different Yb3+ doping concentrations. (I) XRD patterns and (J) zoomed-in XRD patterns of Er3+-doped
Cs4CdSb2Cl12 LDP NCs with different Er3+ doping concentrations. (K) The scheme of the proposed mechanism for the energy transfer process in
the Ln3+ (Yb3+ or Er3+)-doped Cs4CdSb2Cl12 LDP crystal structures. (L) Energy level alignment for Ln3+ (Yb3+ or Er3+)-doped Cs4CdSb2Cl12
LDPs.
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we synthesized a series of Ln3+ (Yb3+ or Er3+)-doped
Cs4CdSb2Cl12 LDP NCs with different doping concentrations
(defined as the precursor feeding ratio of [Ln]/([Ln] + [Sb];
see SI for details) and conducted optical and structural
characterizations (Figure 2). The lanthanide doping concen-
trations in the final LDP NCs are listed in Table S6. As shown
in Figure 2A and D, all the Ln3+ (Yb3+ or Er3+)-doped
Cs4CdSb2Cl12 LDP NCs displayed similar absorption profiles
with a slight decrease for bandgap (BG) values by Tauc plot
analysis due to Ln3+ doping induced lattice expansion (Figures
2B,E and S6). However, as the Ln3+ doping concentration
increased, the Ln-induced NIR PL peak intensity increased
initially, reaching its maximum value at a Yb3+ (Er3+) doping
concentration of 20% (15%) before the subsequent PL
intensity decreased (Figure 2C,F). While the initial increase
in PL intensity can be explained by improved energy transfer
efficiency from the host NC materials to the Ln3+ dopants and
increased number of Ln-emitting sites (Figure 2K,L),44 the
subsequent intensity drop was mainly caused by the self-
quenching effect resulting from inter-Ln3+ coupling and an
increased presence of lattice defects as incorporating more
Ln3+ dopant impurities (Figure 2C,F). The PL QYs for Ln3+

(Yb3+ or Er3+)-doped LDP NCs are listed in Table S7. In
addition to the optical property changes, XRD measurements
showed a well-preserved LDP structure in a trigonal phase for
all of the Ln3+ (Yb3+ or Er3+)-doped Cs4CdSb2Cl12 LDP NCs
(Figure 2G−J). However, all of the Bragg diffraction peaks in
the XRD patterns continuously shifted to smaller angles while
increasing the Ln3+ doping concentration (Figure 2G−J).
These results suggested a consistent lattice expansion of the
LDP crystalline lattices upon doping increased amounts of
large Ln3+ cations (doping concentration increased from 5% to
25%) (Figure S7), matching well with the evolution of
bandgaps and their electronic structures (Figures 2B,E and
S6).

To gain deeper insights into the detailed doping positions
and associated doping mechanisms, we conducted DFT
calculations to determine the formation energy and structural
stability of various LDP lattice configurations incorporated
with Yb3+ or Er3+ dopant ions (see SI for calculation details).
First, to identify the Ln3+ doping position, we considered eight
Cs4CdSb2Cl12 LDP atomic lattice configurations, taking

interstitial (five cases) and substitutional (three cases) Ln3+

doping scenarios into account (Figure 3A−H). These
configurations were structurally relaxed and further optimized.
The associated formation energies were calculated as shown in
Figure 3I and Table S8 (more calculation details are discussed
in the SI). The calculation results showed that Yb3+ or Er3+
ions exhibited similar doping behaviors due to their nearly
identical ionic sizes and the same valence state and
coordination environment. Among the interstitial doping
scenarios, while doping at the Cd−Cd site resulted in a
positive formation energy (thermodynamically unfavored) of
1.46 eV (for Yb3+ doping) or 1.44 eV (for Er3+ doping), all
other interstitial doping scenarios led to negative formation
energies (thermodynamically favored, Figure 3I). The
unfavored inter-Cd doping position was possibly caused by
the short distance between two neighboring Cd2+ ions (i.e.,
7.48 Å, Figure S8) and a high electrostatic repulsion arising
from the surrounding metal cations, compared to other
interstitial doping sites. The lowest formation energies
among all the interstitial Ln3+ doping scenarios were calculated
to be −2.06 eV (for Yb3+ doping) and −1.98 eV (for Er3+
doping), both for the Cs−Sb interstitial doping scenario
(Figure 3B,I). In the substitutional doping cases, replacing Cs+
cations with Ln3+ dopants was determined to be the least
thermodynamically favored doping position due to their large
discrepancies in both the valence state and ionic radius (Cs+:
167 pm) (Figure 3F,I). In contrast, both Cd- and Sb-
substitutional cases were thermodynamically more favorable
than any of the interstitial doping cases (Figure 3G−I). In
particular, the Sb3+-to-Ln3+ substitutional doping mechanism
gave the most negative formation energy: −5.49 eV for Yb3+

doping and −5.50 eV for Er3+ doping, representing the most
favorable doping position of all the cases calculated here. The
preference of the Sb3+-to-Ln3+ doping mechanism was
consistent with isoelectronic doping, which does not introduce
unbalanced charges into the LDP NCs or more crystalline
defects/vacancies inside the LDP lattices.

Upon determining the precise dopant positions and
obtaining the stable structural configurations, we carried out
DFT calculations on the band structures and projected density
of states (DOS) to further our understanding of the Ln3+

doping (i.e., Sb3+-to-Ln3+ substitutional doping) effects on the

Figure 3. Optimized atomic configurations and the associated formation energies of various possible Yb3+ or Er3+ ion doping scenarios in
Cs4CdSb2Cl12 LDPs. (A−E) Different interstitial (Inter.) positions for the dopants between nearest Cs−Cd, Cs−Sb, Cs−Cs, Cd−Cd, and Sb−Sb
atomic pairs. (F−H) Different substitution (Sub.) positions for the dopants replacing the Cs, Cd, or Sb site. (I) The calculated formation energies
were obtained under different interstitial and substitutional doping conditions.
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electronic structures of Cs4CdSb2Cl12 LDPs (Figure 4, see the
SI for detailed calculations). The calculation results showed
that the undoped Cs4CdSb2Cl12 LDP exhibited a direct
bandgap of 3.31 eV with the conduction band minimum
(CBM) and valence band maximum (VBM) located at the
same “Y2” high symmetry point (Figure 4A, left panel). The
corresponding projected DOS revealed that the CBM was
mostly contributed by Sb 5p, Cl 3p, and Cd 5s orbitals, while
the VBM was mainly composed of Cl 3p, Sb 5s, and 5p orbitals
(Figure 4A, right panel). After Yb3+ doping, the band structure
preserved a similar direct bandgap of 3.33 eV (Figure 4B, left
panel), with both CBM and VBM showing an additional small
contribution from the Yb 5d orbital (Figure 4B, right panel).
Furthermore, both the CBM and VBM shifted to the “A” high
symmetry point, manifesting a symmetry change in the
localized octahedral environment upon Ln3+ doping. Similarly,
in the case of Er3+ doping, the band structure of the LDP was
retained well with a direct bandgap of 3.31 eV (Figure 4C).
Both CBM and VBM of the Er3+-doped LDP were located at
the “A” high symmetry point, where the CBM was mainly
composed of Cl 3p, Sb 5p, and Cd 5s orbitals, while the VBM
mostly consisted of Cl 3p, Sb 5s, and 5p orbitals, with a small
contribution from Er 5d orbitals (Figure 4C). These
calculation results implied that Ln3+ doping mainly introduced
additional contributions from the Ln (Yb or Er) 5d orbitals to
the VBM and CBM of the LDP host, with minimal effects on
its bandgap structure nature.

Next, we conducted DFT calculations on the electron
localization function (ELF) and charge density difference for
the undoped and Ln3+-doped (substituting Sb3+)

Cs4CdSb2Cl12 LDPs to further investigate the influences of
doping on the bond characteristics and charge distributions of
the LDP host material (Figure 4D−F). In the case of undoped
Cs4CdSb2Cl12 LDP, the charge gain was distributed around
Cl− ions due to electron donations from Cd2+ or Sb3+ in the
[CdCl6]4− or [SbCl6]3− octahedral units (Figure 4D, left
panel). The associated 2D ELF mapping illustrated minimal
electron densities between Cd2+ cations and Cl− anions,
suggesting an ionic Cd−Cl bond characteristic (Figure 4D,
right panel). In comparison, the Sb−Cl bonds displayed an
ionic bond characteristic, however, with a small contribution of
covalent bonding feature attributable to the higher electro-
negtivity of the Sb atom than the Cd atom (Figure 4D, right
panel). The corresponding 1D intensity profiles along the
white dashed lines in Figure 4D further proved the same Cd−
Cl bond strength with identical Cd−Cl bond length (2.65 Å)
in the [CdCl6]4− octahedral unit, while the [SbCl6]3−

octahedral unit exhibited certain distortion with different
Sb−Cl bond lengths (i.e., 2.51 and 2.87 Å) (Figure 4G). Upon
Ln3+ doping, the characteristic of Cd−Cl and Sb−Cl bonds
presented negligible changes with no obvious charge
redistribution between cations (i.e., Cd2+ or Sb3+) and anions
(i.e., Cl−) (Figure 4E,F). The newly formed Yb−Cl and Er−Cl
bonds exhibited an ionic bond characteristic with charge gain
(loss) around Cl− anions (Yb3+ or Er3+ cations), consistent
with the ELF calculation results (Figure 4E,F). Within the
LDP lattice, the dopant-involved octahedral units (i.e.,
[YbCl6]3− and [ErCl6]3− octahedra) showed obvious dis-
tortions with the Ln−Cl bonds along the Cd−Cl−Ln axis
varied from 2.74 to 2.59 Å for the Yb3+ doping case (Figure

Figure 4. Electronic structures and electron localization function (ELF) of undoped and Yb3+- and Er3+-doped Cs4CdSb2Cl12 LDPs. (A−C) Band
structures (left panels) and projected density of states (DOS) diagrams (right panels) of undoped (A), Yb3+-doped (B), and Er3+-doped (C)
Cs4CdSb2Cl12 LDPs. The Fermi energy is indicated by the gray dashed lines. (D−F) ELF (left panels) profiles and charge density difference (right
panels) of undoped (D), Yb3+-doped (E), and Er3+-doped (F) Cs4CdSb2Cl12 LDPs. The colors in the ELF 2D mapping indicate the strength of the
electron density. For charge density differences, the yellow and light blue surfaces represent the charge gain and charge loss, respectively. (G−I) 1D
intensity profiles of undoped (G), Yb3+-doped (H), and Er3+-doped (I) Cs4CdSb2Cl12 LDPs along two white dashed lines in the corresponding
ELF 2D mapping (D−F, left panels), revealing the evolution of electron density distribution changes between Cd2+, Sb3+/Yb3+/Er3+, and Cl− ions.
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4H) and from 2.80 to 2.58 Å for the Er3+ doping case (Figure
4I). In addition, the Ln3+ doping resulted in distortion of
neighboring [CdCl6]4− octahedra with elongated Cd−Cl bond
lengths only along the Cd−Cl−Ln direction (Figure 4H,I). A
slightly higher degree of [CdCl6]4− octahedral distortion for
the Er3+-doped Cs4CdSb2Cl12 LDP can be explained by the
larger ionic size of the Er3+ ion as compared to the Yb3+ ion
(Figure 4H,I). This supports that Ln3+ doping in
Cs4CdSb2Cl12 LDPs leads to a reduction in the local site
symmetry of [CdCl6]4− to C4v compared to their high Oh
symmetry in the undoped Cs4CdSb2Cl12 LDPs. This local site
symmetry breakdown induced by Ln3+ doping enhances the
absorption and excitation of host materials and thereby

promotes the energy transfer process for the observed NIR
emissions.47,62

Co-doping different types of impurity ions into perovskite
NCs is an effective means to gain deeper understandings of
multi-dopant-induced bandgap engineering and energy transfer
processes within the system.43,63 Especially, with suitable
energy level alignments of the host perovskite NCs and
different dopants, intermediate-sensitization-assisted host-to-
dopant and interdopant energy transfer processes may
synergistically occur, leading to novel and unique optical
properties of the co-doped perovskite NCs.42,43,64 To explore
this effect, we synthesized Yb3+/Er3+ co-doped Cs4CdSb2Cl12
LDP NCs with the same doping concentration of 15% for both

Figure 5. Sensitization effects of intermediate energy levels on the optical properties of Ln3+ (Yb3+, Er3+)-doped Cs4M(II)Sb2Cl12 (M(II): Cd2+,
Mn2+) LDP NCs. (A) Absorption and (B) PL spectra, (C) XRD patterns of Yb3+/Er3+-co-doped Cs4CdSb2Cl12 (CdSb-YbEr) LDP NCs, undoped
(MnSb) and Yb3+-doped (MnSb-Yb), Er3+-doped (MnSb-Er), and Yb3+/Er3+-co-doped (MnSb-YbEr) Cs4MnSb2Cl12 LDP NCs. (D−F) PL
lifetime decays for Mn-PL (D), Yb-PL (E), and Er-PL (F) for different Ln3+ (Yb3+, Er3+)-doped Cs4M(II)Sb2Cl12 (M(II): Cd2+, Mn2+) LDP NCs
when monitoring the Mn-PL at 630 nm and NIR PL at 983 and 1541 nm, respectively. (G−J) The schematics of the proposed energy transfer
process of Yb3+/Er3+-co-doped Cs4CdSb2Cl12 (G) and Yb3+-doped (H), Er3+-doped (I), and Yb3+/Er3+-co-doped (J) Cs4MnSb2Cl12LDP NCs. Top
panels show the atomic models; bottom panels exhibit the band alignment and electronic state energy levels for the LDP host and dopant ions,
respectively.
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Yb3+ and Er3+ ions (see synthetic details in the SI). The
absorption spectrum of the resulting sample displayed a
slightly red-shifted band edge absorption with a reduced
bandgap around 3.139 eV compared to the undoped or single-
type Ln3+-doped LDP host NCs (Figures 5A, S9). However,
the co-doped LDP NCs exhibited a dual-wavelength PL
emission profile covering both NIR-I (i.e., 983 nm, 2F5/2−2F7/2
transition of Yb3+ ions) and NIR-II (i.e., 1541 nm, 4I13/2−4I15/2
transition of Er3+ ions) windows (Figure 5B). XRD measure-
ments showed the same LDP phase, confirming the crystal
structural preservation of the host LDP NCs upon co-doping
with Yb3+ and Er3+ ions (Figure 5C). PLE spectra, when
monitoring both Yb-PL and Er-PL, aligned well with the
absorption profile, indicating that the dual-wavelength PL
originated from the energy transfer from the LDP NC host to
two different dopants (Figure S10). TR-PL measurements
were then conducted to probe the detailed energy transfer
processes of the NCs (Figure 5D−F). In comparison to the
single-type Ln3+ (either Yb3+ or Er3+)-doped Cs4CdSb2Cl12
LDP NCs, we observed a shortening of the Yb-PL LT from
1.15 ms to 0.38 ms and a lengthening of the Er-PL LT from
2.55 ms to 2.99 ms in the Yb3+/Er3+-co-doped Cs4CdSb2Cl12
LDP NCs (Figure 5E,F and Tables S4, S5). These results
suggested the occurrence of interdopant energy transfer from
the 2F5/2 state (depopulated state) of the Yb3+ ions to the
populated state of the neighboring Er3+ ions in the LDP
lattices, resulting in the shortened (prolonged) LT of the Yb-
PL (Er-PL) (Figure 5G).43,64

To further investigate the impact of the LDP NC host on
the optical properties of the Ln3+ dopants, we selected
Cs4MnSb2Cl12 LDP NCs as the host material for Ln3+

doping.65 The intrinsic emission from the d−d transition of
Mn2+ ions provides an opportunity to explore intermediate-
sensitization-assisted energy transfer processes upon Ln3+

doping. We thus synthesized undoped Cs4MnSb2Cl12 LDP
NCs, as well as Cs4MnSb2Cl12 LDP NCs doped with Yb3+,
Er3+, or Yb3+/Er3+ ions using the hot-injection method as
described earlier (see SI for synthetic details).55,56 The
synthesized Cs4MnSb2Cl12 LDP NCs showed an absorption
band edge at around 390 nm with a direct bandgap of 3.195 eV
through Tauc plot analysis (Figures 5A, S9). These NCs
shared the same LDP crystal structure with a trigonal phase as
that of Cs4CdSb2Cl12 LDP NCs (Figure S11). An intrinsic
emission peak centered at 648 nm, arising from the energy
transfer associated with 4T1−6A1 d−d transition of Mn2+ ions,
was measured with a characteristic Mn-PL LT of 2.25 ms
(Figure 5D and Table S9).43,66 Upon doping with Ln3+ ions
(i.e., Yb3+, Er3+, or both), neither the bandgap nor the crystal
structure showed an obvious change when compared to the
undoped LDP host NCs (Figures 5A,C and S9). However,
additional emission features emerged following doping (Figure
5B). In the case of Yb3+-doped Cs4MnSb2Cl12 LDP NCs, the
characteristic Yb-PL peak at 983 nm (2F5/2−2F7/2 transition of
the Yb3+ ions) showed up, alongside the pristine Mn-PL peak
(Figure 5B). The Mn-PL decay LT shortened to 0.74 ms from
the 2.25 ms of undoped Cs4MnSb2Cl12 LDP NCs, while the
Yb-PL decay LT extended to 1.47 ms compared to 1.15 ms of
the Yb3+-doped Cs4CdSb2Cl12 LDP NCs (Figure 5D,E, and
Tables S4, S9). These changes indicated the occurrence of
energy transfer from the 4T1 state (depopulated state) of Mn2+

ions to the 2F5/2 state (populated state) of Yb3+ dopants in the
LDP NCs (Figure 5H).43,64 Similarly, the Er-PL feature at
1541 nm (4I13/2−4I15/2 transition of the Er3+ ions) emerged

upon doping Er3+ ions into the Cs4MnSb2Cl12 LDP NC host
(Figure 5B). Remarkably, two additional sharp emission bands
at 660 and 810 nm can be clearly visualized in the PL
spectrum, corresponding to the 4F9/2−4I15/2 and 4I9/2−4I15/2
electronic transitions of Er3+ ions in an octahedral coordination
environment, respectively (Figure 5B and Figure S10). It is
noteworthy that these new emission bands were not observed
when using Cs4CdSb2Cl12 LDP NCs as the host material with
either Er3+ doping or Yb3+/Er3+ co-doping (Figures 1C, 2B,
and 2D). These differences in PL profiles led to a reasonable
hypothesis: the presence of nearby Mn2+ ion centers enabled
an energy transfer pathway from the Mn2+ excited state (4T1
state) to the predark states (4F9/2 and 4I9/2 states) of Er3+ ion
dopants owing to the proximity of these energy levels and their
spin-allowed transition nature (identical spin multiplicity, i.e.,
4) (Figure 5I).67,68 Moreover, this hypothesis was supported
by the significantly shortened Mn-PL LT (0.54 ms) compared
to that of the undoped counterpart (Mn-PL LT of 2.25 ms)
(Figure 5D). Furthermore, the prolonged Er-PL LT at 1541
nm (7.84 ms) suggested a possible energy transfer from the
Mn2+ ions of the host NCs to the nearby Er3+ ion dopants
(Figure 5F), further confirming that the Mn component can
act as an intermediate energy sensitizer in the Ln3+-doped
Cs4MnSb2Cl12 LDP NCs (Figure 5I). It is worth noting that
our study represents the first observation of brightening the
4F9/2 and 4I9/2 electronic states of Er3+ ions in colloidal
perovskite NCs through the energy sensitization of Mn2+ ions,
marking a rare example of brightening predark states of Er3+
ions.

When co-doping both Yb3+ and Er3+ ions into the
Cs4MnSb2Cl12 LDP NC host, we achieved a triple-wavelength
emission profile with three PL peaks located in the visible (618
nm for Mn-PL), NIR-I (983 nm for Yb-PL), and NIR-II (1541
nm for Er-PL) regions (Figure 5B). In addition to direct
energy transfer from the Cs4MnSb2Cl12 LDP NC host to Yb3+

and Er3+ ion dopants, we proposed that both Mn2+ and Yb3+

ion centers acted as intermediate energy sensitizers, allowing
for a stepwise energy transfer process from the populated 4T1
electronic state of Mn2+ ions to the 4F5/2 electronic state of
Yb3+ ions and then to the 4I13/2 state of Er3+ ions (Figure 5J).
These energy transfer processes were confirmed through the
TR-PL measurements, which showed shortened Mn-PL (0.31
ms) and Yb-PL LTs (0.65 ms) and a lengthened Er-PL LT
(3.40 ms) compared with those of undoped Cs4MnSb2Cl12
LDP NCs, Yb3+-only-doped Cs4MnSb2Cl12 LDP NCs, and
Er3+-only-doped Cs4CdSb2Cl12 LDP NCs, respectively. Nota-
bly, the absence of the two additional Er-PL emission bands at
660 and 810 nm indicated that the corresponding energy
transfer pathways were blocked from the 4T1 excited state of
Mn2+ ions in the host LDP NCs to the 4F9/2 and 4I9/2 states of
Er3+ ion dopants due to the presence of a competing energy
relaxation channel to the 4F5/2 electronic state of Yb3+ ion
dopants (Figure 5J).

■ CONCLUSION
In conclusion, we have successfully synthesized colloidal rare
earth Ln3+ (Yb3+ or Er3+, or both)-doped Cs4M(II)Sb2Cl12
(M(II): Cd or Mn) LDP NCs with controlled doping
concentrations using a hot-injection approach. The obtained
samples showed excellent LDP crystallinity with a trigonal
phase and featured newly emerged NIR emission bands
attributed to energy transfer from the LDP NC host to the
Ln3+ dopants. Detailed DFT calculations unveiled that the
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thermodynamically favored doping mechanisms involved the
substitution of Sb3+ cations with Ln3+ (Yb3+ or Er3+) dopants
within the LDP lattices while maintaining the overall charge
neutrality and structural stability of the NCs. Moreover, our
study showcased that through incorporating both Yb3+ and
Er3+ dopants and introducing the Mn2+ component into the
host LDP NCs, the pathways for host-to-dopant and
interdopant energy transfers can be facilitated by means of
intermediate energy sensitization processes. Notably, we
demonstrated the first example of precise control over the
activation and deactivation of two predark electronic states
(specifically, the 4F9/2 and 4I9/2 states) of Er3+ ion dopants
through deliberate compositional tuning of the LDP NCs. We
envision that our research findings can serve as a catalyst for
the exploration of novel doping systems and the development
of colloidal lead-free perovskite nanomaterials, ultimately
fueling advancements in a wide spectrum of optoelectronic
applications.
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